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S ■ ABSTRACT 



Tadpole galaxies have a giant star-forming region at the end of an elongated 

intensity distribution. Here we use SDSS data to determine the ages, masses, 

and surface densities of the heads and tails in 14 local tadpoles selected from 

the Kiso and Michigan surveys of UV-bright galaxies, and we compare them to 

O '■ tadpoles previously studied in the Hubble Ultra Deep Field. The young stellar 

w i mass in the head scales linearly with restframe galaxy luminosity, ranging from 

^ '. ~ 10^ Mq at galaxy absolute magnitude U = —13 mag to 10^ Mq at U = —20 

I ! mag. The corresponding head surface density increases from several Mq pc^^ 

Vh ! locally to 10 — 100 M© pc^^ at high redshift, and the star formation rate per 

52 ! unit area in the head increases from ~ 0.01 Mq yr~^ kpc~^ locally to ~ 1 Mq 

yr~^ kpc~^ at high z. These local values are normal for star-forming regions, and 

the increases with redshift are consistent with other cosmological star formation 

^ i rates, most likely reflecting an increase in gas abundance. The tails in the local 

OO I sample look like bulge-free galaxy disks. Their photometric ages decrease from 

^ i several Gyr to several hundred Myr with increasing z, and their surface densities 

ff^ I are more constant than the surface densities of the heads. The far outer intensity 

O 



profiles in the local sample are symmetric and exponential. We suggest that most 
local tadpoles are bulge-free galaxy disks with lopsided star formation, perhaps 
from environmental effects such as ram pressure or disk impacts, or from a Jeans 

S^ I length comparable to half the disk size. 
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Introduction 



Deep studies of galaxi es over the past decade have revealed a var i ety of peculiar mor- 
pholo gies at high redshift ( lAbraham et al.lll996l : lElmegreen et al.ll2005t IConselice fc Arnold 
20091 ). One type common in the early universe but rare today is the tadpole, first identified 
in the Hubble Deep Field by Ivan den Bergh et al.l (Il996[ ). Tadpoles consist of a massive star- 
forming clump at one end (the "head") and a long diffuse region to one side (the "tail"). In 
the Hubble Ultra Deep Field (UDF), t adpoles constitute 10% (97 galaxies) of all the galax- 
ies larger than 10 pi xels in diameter ( Elrnegreen et al.l 2007 ). T hey re present 6% of UDF 

galaxies identified by IStraughn et al.l ( l2006l ) and IWindhorst et al.l (120061 ) with an automated 
search algorithm. In the UDF tadpoles we studied, the heads have stellar masses of 10^ to 
10^ Mq and ages of ~ 10*^ yrs at redshift z ~ 2 — 4 ( lElmegreen fc Elmegreenll2010l ). 



There are also tadpoles in the local universe. Blue compact dwarf (BCD) galaxies 



with tadpole shape s, sometimes called comet ary (iMarkarian 



Cairos et al.ll2001al Jbl). were designated sub-class il,c by 



1969 



Noeske et al. 



Loose &: ThuanI Il985 



Several ex- 



amples a re shown in th e BCD study by ICil de Paz. Madore. fc Pevunoval ( l2003l ) , and two 



V me tal-poor BCDs (XBCDs) 



more by iKniazev et al. J 20011). A large fraction of extrern e 

studied by iPapaderos et al.l ( l2008l ) and iMorales-Luis et al.l (l201ll) resemble tadp oles. The 

Kiso survey of UV bright galaxies ( Miyauchi-Isobe. Maehara. fc Nakaiimall2010l ) also con- 



tains tadpoles among those classified as irregular with blue clumps (Ic) or irregular with a 
single giant clump (Ig). Most of the present paper concerns the Kiso tadpoles, which amount 
to less than 0.2% of the Kiso sample (as discussed in Section l2rT]) . 

Tadpole structure could have a variety of origins. S ome tadpoles could be edge-on 
disks with a single massive star-forming region at one end. lElmegreen &: Elmegreenl (120 lOf ) 
showed lopsided ring-like galaxies th at would look l i ke tadpoles if viewed edge-o n. Tad- 
poles could also result from mergers (IStraughn et al.l l2006l : IWindhorst et al.l |2006|) like the 
famous case of UGC 10214, which is called the Tadpole Gal axy. Anoth er example is II Zw 40 
( Baldwin. Spinrad. fc Terlevichlll982l : lBrinks fc Kleinlll988[ ). However. ICampos-Aguilar et al 
( 119931 ) suggest that blue compact dwarf galaxies tend to be relatively i s olated , so the tadpole 
shapes among these may not generally be mergers. IPapaderos et al.l (120081 ) also suggested 
that XBCD tadpoles are not mergers, because of the lack of tidal features. 

Another possibility is that the lopsided starburst results from ram compression by mo- 
tion through an intergalactic medium. There are two possibilities. First, tadpoles could be 
gas-poor disks with star formation triggered on the leading side and the rest of the disk visible 
as a red tail of older stars. Then the center of mass would be near the center of the underly- 
ing red disk, which is somewhere between the head and the tail. Alternatively, they could be 
heavily stripped galaxies with star formation and old stars at the leading edge, perhaps still 
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centered on a dark matter core, and a tail made mostly from star formation in the stripped 
gas. Then the tail would be blue. Both cases are interesting because then tadpoles could 
be used as tracers of intergalactic gas. In this interpretation, ta dpoles are more common 



at hi gh redshift because the intergalactic medium is denser there ( lElmegreen fc Elmegreen 
20101 ). For example, the scenario in which dwarf Irregular galaxies are converted into dwarf 



spheroidal galaxies in the gaseous halos of larger galaxies ( Lin fc Faberlll983l : Ivan den Bergh 



I994J : iGrebel et al.ll2003l: Maver et al. 



gas of galaxy clusters (JBoselli et al. 



2006 



2008 



Weisz. et al. 



van Zee et al. 



20 111) , or in the hot intergalactic 



2004J ). could involve a tadpole phase 



for the dwarf as the gas an d young stars are pulled behind. IC 3418 in the Virg o cluster 
may be an example of this (IChung et al.ll2009l : lHesterll2010l : iFumagalli. et al.ll201ll ). 



A third possibility is that some tadpoles are normal galaxies with a large turbulent Jeans 
length for gravitational collapse of the interstellar medium. The ratio of the Jeans length to 
the galaxy size is approximately the square of the ratio of the gas velocity dispersion to the 
rotation speed. Galaxies with relatively large Jeans lengths have big star formation clumps, 
and there is only room for a few of these clumps in the disk. Local dwarf Irregulars and 
BCDs are like this because of their low rotatio n speeds, while young rnassiye galaxies are like 



this b ecause of their high velocity dispersions (JForster-Schreiber et al.ll2006t lElmegreen et al. 



20091 ). If there is only one clump at any particular time, then the resulting star formation 
will appear lopsided. From the right perspective, such a galaxy may look like a tadpole. 

In this paper, we examine tadpole galaxies in the local universe for comparison with 
high redshift tadpoles. We determine star formation rates and surface densities in the heads 
and tails as a function of galaxy mass and luminosity to see whether the star formation is 
bursting now or relatively quiescent, and to see whether the tails are redder and older in 
the local galaxies than at high redshift. If tadpole structure is a phase of galaxy evolution 
and local tadpoles are caused by the same events or processes as high redshift tadpoles, then 
detailed studies of the local tadpoles may help illuminate these processes at high redshift. 

We discuss our sample of local tadpole galaxies in Section [2l Properties of their heads 
and tails and a comparison with high-redshift tadpoles are discussed in Section [31 Our 
conclusions are in Section HJ 



2. The Sample and Analysis 
2.1. Sample selection 



The Kiso Survey for Ultraviolet-Excess Galaxies (JMiyauchi-Isobe. Maehara. &: Nakajima 



2OIOI ) detected several thousand UV-bright galaxies from ultraviolet and red images taken 



-4- 



with the Kiso Schmidt telescope. The survey categorized galaxy morphologies into several 
types using the Palomar Observatory Sky Survey and the Sloan Digital Sky Survey (SDSS; 
Stoughton et al. 2002). The Kiso survey has 176 Ic galaxies and 83 Ig galaxies, amounting 
to 2.6% of the total 9908 Kiso galaxies. Of the 259 Ic and Ig types, 158 are in SDSS: these 
include 111 out of the 176 Ic types, and 47 out of the 83 Ig types. We examined these 158 
galaxies on the SDSS images. Many of the galaxies in these Ic and Ig categories are spiral 
galaxies with one or more bright star-forming regions. Others are irregulars with bright star 
formation, or likely interactions and mergers. A small number are lopsided with a bulge and 
inner disk that is offset from the outer disk (e.g., KUG0226+251B, KUG1129+144), or with 
bright star formation only on one side (KUG2306+227). We chose galaxies for the present 
study that are so lopsided that their brightest clump is far to one end and the rest of the 
galaxy is mostly featureless, meaning that it has no bulge or other significant star formation 
elsewhere. We consider these galaxies to be local tadpoles. We are interested in measuring 
their properties and comparing them to high redshift tadpoles. 



Among the 158 Ic and Ig galaxies in SDSS, 95 have SDSS-DR7 spectra (jAbazajian et al. 



20091 ). and of these, 13 are good cases of tadpoles: 4 of type Ic and 9 of type Ig. Of the 
remaining 63 without spectra, we identify one more tadpole (KUGOOlO+371). If we consider 
this fraction of 14 tadpoles out of 158 Ic and Ig galaxies in SDSS to be representative, and 
extrapolate to the 259 Ic and Ig galaxies in Kiso, then the percentage of tadpoles among the 
9908 galaxies in Kiso is ~ 0.2%. This is much smaller than the 10% tadpoles in the UDF. 

Each of the 13 tadpoles in our Kiso sample with SDSS spectra shows emission lines. 
The Kiso survey divides galaxies into bins of H (high), M (medium), and L (Low) for the 
emission line strengths; 12 of our 13 tadpoles with spectra have high emission and one (Kiso 
6610) has medium emission. For reference, 8 2 of the 211 Ic and Ig galaxies fall into the H 
category. We also viewed all BCD types il,c ( JNoeske et al.ll2000l ) listed in NED^I that were 



also in SDSS. One more tadpole with a known distance was sel ected, UM 417, which is f rom 



the University of Michigan IV survey of emission line objects ( iMcAlpine &: Lewislll978l ). In 
the rest of this paper, we measure the properties of these 14 galaxies with known distances 
(i.e., 13 Kiso galaxies + 1 UM galaxy). 

Archival images and spectra of these local tadpole galaxies were downloaded from the 
SDSS survey. The images include 5 passbands (Gunn filters u, g, r, i, z) taken with the 2.5m 
telescope at Apache Point, NM. Photometric measurements on sky-subtracted images were 
done with IRAF (Image Reduction and Analysis Facility) to determine the masses and ages 
of the clumps and tails, as described in 12.41 The spectra have resolution 2000 and cover 



^NASA/IPAC Extragalactic Database, http://ned.ipac.caltech.edu/ 
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an area 3" in diameter in the galaxies. Given the distances of our targets (Table [T]), 3" 
represents a linear scale between 0.1 and 2.5 kpc, with a typical value of around 0.5 kpc. 
These spectra were used to estimate Ha star formation rates, as described in Section 13.21 
The SDSS spectral resolution corresponds to a velocity dispersion on the order of 70 km s~^. 
The Ha fluxes are independent of this dispersion, because they are based on an integral over 
the emission line. 



2.2. Galaxy Morphology 

The fourteen local tadpole galaxies in this study are shown in color in Figure [T] and in 
graysca le in Figure El and list ed in Table [H The KUG numbers come from the Kiso2000 
catalog iNakajima et al.l ( 120101 ). For convenience we also give a Kiso number, which is the 
catalog entry number minus 1. 

The tadpoles in Figure [T] are dominated by a large star-forming region on one side, 
sometimes with sub-clumps, and by a diffuse tail, which might also contain a few clumps. 
Some of the underlying galaxies are elongated, such as Kiso 3473, 3867, 3975, 6664, 6669, 
and UM 417. Others are rounder, such as Kiso 3193 and 6511. Galaxies 5149, 6664, and 
6669 differ from the others in being larger and more elongated, suggesting a highly inclined 
disk. Others could be disks too, although some look too irregular in the tails to be disks. 

The smaller star-forming clumps are more easi ly seen in the grays cale images than in 
the color images. Galaxies Kiso 3975 and UM 417 (jCairos et al.ll2001al Jbl) contain only one 
large round clump in the head that is not obviously subdivided. Galaxies Kiso 3473 and 6877 
have large head regions with two sub-clumps in each. Kiso 5870 has a small star-forming 
region in the head and other clumps elsewhere, including the tail. Kiso 6610, 6664, 6669, 
and 8466 have many small clumps over fairly large regions, while Kiso 3867 and 6511 have 
many small clumps in their heads. 

Five of these galaxies have been ima ged in Ha in previous s tudies: Kiso 3473 and UM 417 
(IGil de Paz. Madore. fc Pevunoval 120031). K iso 6511 and 6664 (JHeller. Almoznino. fc Brosch 
19991 ). and Kiso 8466 (JGavazzi et al.lll998l ). which are all BCD galaxies. Their Ha emission 



stands out in the images just in the bright head regions and not in the tails. iHeller et al. 



(I2OOOI ) studied lopsidedness in local dwarf Irregular galaxies and found that random star for- 
mation could account for the asymmetry distributions they observe in low surface brightness 
galaxies, but not in BCDs, which have more centrally concentrated star-forming regions. 
Their BCDs include three tadpoles, Kiso 6664 in our sample plus Mrk 5 and UM 133. 



Although many star-forming galaxies at high redshift are large, the UDF tadpole galax- 
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ies tend to be the smalle st of the clumpy types, with di ameters ranging from 1 to 10 kpc and 



averaging about 4 kpc (JElmegreen fc Elmegreenll2010l ). The local tadpoles selected for the 



present paper have larger average sizes than the UDF tadpoles, with diameters ranging from 
3 to 45 kpc based on their isophotes, as described in Section 12.31 Still, most of the tadpoles 
are fairly small. Table [1] indicates an average i?25 = 6.7 kpc and a median i?25 = 3.2 kpc, 
where R25 is the radius out to a surface brightness in g of 25 mag arcsec"^. Excluding the 
four largest tadpoles in our sample (radii greater than 10 kpc), the remaining ten tadpoles 
have average and median radii of 2.7 kpc, so their corresponding average diameters of 5.4 
kpc are only slightly larger than the UDF tadpoles. 



2.3. Radial profiles 

The radial light distributions are complicated in tadpole galaxies; the galaxies are asym- 
metric and the profiles do not have a continuous slope, so it is difficult to measure a Sersic 
index in a meaning ful way. Nevertheless, the Sersic index for UM 417 was measured by 



Amorin et al.l (|2009[ ) to be 0.68±0.12. For comparison, Sersic indices of high redshift clump 



galaxies are typically <1 (e.g., Elmegreen et al. 2007). These rather flat d isks are in con- 



trast to the tadpole BCDs Mrk 59 and Mrk 71, which iNoeske et al.l ( 120001 ) found to have 
symmetric exponential proflles beneath the starbursts. 

For the local tadpoles in our sample, intensity profiles were made to examine the light 
distributions in the outer parts of the galaxies. Cuts were taken along the major axis, through 
the peak intensity of the head. The intensity cuts were five pixels wide, corresponding to 
5.75", to reduce the noise. The major axes of the galaxies were determined by eye from 
contour plots and grayscale ^f-band images. The g-hand surface brightness profiles are shown 
in Figure [3] (other filters have similar profiles). The head is clearly an excess intensity on 
one side. For all but Kiso 3193, the galaxy intensity does not decrease exponentially and 
symmetrically away from a central position defined by the outer isophotal contours. The 
profiles are usually fiat or have a shallow exponential decrease on one side of the head in 
the central third of the galaxy. They have sharper drop-offs beyond ~ 25.5 mag arcsec"^ 
and can be traced to ~ 28 mag arcsec"^ in all SDSS filters. The radii R25 of the galaxies, 
out to a surface brightness of 25 mag arcsec"^ in g band, are listed Table [H These are 
determined from the diameter of the galaxy to this limiting surface brightness based on the 
radial profiles shown in the figure; that is, they are the half-length of the major axis contours 
out to a surface brightness of 25 mag arcsec"^ in g band. The surface brightness of the sky 
background is typically 28 to 28.5 mag arcsec"^ in g band. The sharper drop-offs at the edge 
are approximately exponential. 
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We fit piece- wise exponentials to the intensity profiles in Figure [31 Three pieces were 
considered: the relatively flat inner part of the galaxy outside the head, and the two relatively 
steep outer parts beyond ~ 25.5 mag arcsec"^ in the left and right extremes of the radial 
profiles in Figure [31 Table [H lists the scale lengths r^, the scale lengths relative to R25, and 
the number of scale lengths in the fitted regions. The inner parts of the disks have large 
'rs/R25, reflecting the flatness of the diffuse distributions seen in Figure [31 The extreme cases 
are represented by Kiso 8466 and UM 417, with length scales in excess of 100 kpc. The inner 
disk scale length in Kiso 5149 was not measured because there are two bright clumps in the 
profile there. 

Table [2l shows that the left and right outer scale lengths are often similar to each other 
and much smaller than the inner scale lengths. This similarity between the far-outer scale 
lengths suggests there is a faint underlying symmetric structure, like a disk. In Kiso 3193 and 
3867, the slo pes are about the sam e in the inner and outer parts. The profile of UM 417 was 



measured by ICairos et al.l (l2001al ) as part of a photometric study of the light distributions 



in 28 BCDs; its scale length in that paper matches our value for the left side of the galaxy. 



2.4. Photometry 

Photometric procedures for measuring the local tadpoles were the same as those used 
in our previous studies of UDF high redshift galaxies. Heads were measured with the task 
imstat by defining a rectangle around the largest star-forming complex in each galaxy, which 
generally contained more than one resolved sub-clump. This task gives the average surface 
brightness in a pixel, which is multiplied by the total number of pixels in a clump to determine 
the magnitude in a given filter. For comparison we also measured the head magnitudes 
with circular apertures in the apphot task. These two measurements gave the same results, 
differing by less than the measuring error of 0.1 mag. The rectangular results are presented 
in the figures since this is the same method used for high redshift galaxies. Individual 
sub-clumps in the heads and small clumps in the tails were also measured with imstat. The 
average intensity of the brightest clump in each galaxy is about 10 times the average intensity 
of its tail, and about 50a above the tail intensity variation. 

Clump emission was determined in two ways. In one method, just the sky was sub- 
tracted. In the second method, we assumed the clumps are sitting in disks, and subtracted 
a smooth component of the galaxy from the clump to obtain the emission from the star- 
forming part alone. For this subtraction, we used the average tail surface brightness from a 
section between clumps inside the tail, measured in a rectangular region with imstat. This 
is appropriate if the head or clump is superposed on a stellar disk which extends into the 



tail. Subtracting the underlying component usually makes the clumps bluer and therefore 
younger and less massive than with sky subtraction alone. The quantitative differences are 
discussed in Section 12.51 below. The clump and tail surface brightnesses were also used to 
determine surface densities, discussed in Section [XTl 

In addition, the total magnitudes of the tails were determined from a rectangular outline 
enclosing the whole tail, minus the sky emission. These total magnitudes were used to 
determine tail ages and masses, as described below. 



2.5. Population synthesis fits 

Masses, mass surface densities, ages, and extinctions were estimated frorn our p hotome- 
try by fitting the data to population synthesis models from lBruzual fc CharlotI (120031). To de- 



termin e the model colors, we integrated over the low resolution spectra in lBruzual fc Chariot 
( 120031 ). weighted by the Gunn filter functions, and assumed a constant star formation rate 
back to some starting time, which is identified with the region age. The Chabrier IMF was 
also assumed. A range of ex t inctio ns w as used for the models , following the wavelength de- 
pendencies in lCalzetti et al.l (|2000[ ) and iLeitherer et al.l ( 120021 ). We used a metallicity of 0.4 
times solar since we expect these small galaxies to have slightly sub-solar metallicity. This 
metallicity matches what is o bserved based on emission line flux ratios in the BCD galaxy 
Mrk 1418 (jCairos et al.ll2009l ). We also ran models with decaying star formation rates and 
with metallicities of 0.02 solar, 0.2 solar, and solar metallicity for comparison. The final 
values for mass, age, and extinction were determined as the weighted average of the different 
models in our standard case (i.e., constant star formation rate and metallicity of 0.4 solar), 
using a weighting function e~^'^^ for x^ equal to the quadratic sum of the differences between 
the model and observed colors, normalized to the relative dispersions for each color from the 
tail observations. The weighted averages were done only for the models with the lowest rms 
deviations from the observations, as determined by binning the rms deviations in intervals 
of 0.02. The mass follows from the observed g magnitude in comparison to the model. The 
surface densities in the clumps are taken to be the masses divided by the projected areas. 

To determine the effects of background subtraction and metallicity on ages and masses, 
we make the following comparisons. First consider the results for solar metallicity. When 
only the sky brightness is subtracted, the average log(age) of the heads is 8.3 ± 1.3 (for age 
in yr). When the sky is subtracted along with an underlying component equivalent to the 
average tail brightness, the heads are younger on average, log(age) = 7.5 ± 1.3. (The rms 
errors are the quadratic sum of the rms errors for each galaxy and the rms of the average of 
the different galaxies.) For 0.4 solar metallicity, these values of log(age) are 8.4 ± 0.9 and 
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7.9 ±0.8, respectively. Lower metallicity increases the calculated age because low metal stars 
are intrinsically bluer than high metal stars, so their ages have to be larger to get the same 
observed colors. The head ages with only the sky subtracted are older than the head ages 
with both the sky and an underlying red emission subtracted, because the head still contains 
old and red emission when only the sky is subtracted. 

The average log(mass) of the heads is 7.1 ± 1.0 (for mass in Mq) when only the sky 
brightness is subtracted for solar metallicity. The heads are less massive, log(age) = 6.7±1.0, 
when the sky and underlying red component are subtracted. For 0.4 solar metallicity, these 
log(mass) values are 7.0 ±1.0 and 6.6 ±1.0, respectively. Thus, decreasing metallicity hardly 
affects the clump masses. Removal of a red underlying component decreases the clump 
masses by an average factor of ~ 3. 

For whole tails with sky subtracted, the average log(age) is much older than the heads, 
9.4 ± 0.4, 9.5 ± 0.3, 9.4 ± 0.3, and 9.4 ± 0.3 for metallicities of 0.02, 0.2, 0.4 and solar, 
respectively, not counting the galaxy UM 417. For UM 417, the tail log(age) is much less 
than the others, ~ 7.1, and it has a much larger uncertainty than the others, ~ 1.5, for the 
highest three metallicities. At 0.02 solar for UM 417, the log(age) is like the others, 9.3 ±0.4. 
Aside from UM 417, the metallicity does not affect the tail age much. 

Also for the whole tails with sky subtracted, the average log(mass) among the sample 
is 7.8 ±0.9, 7.7 ±0.9, 7.7 ±0.9, and 7.8 ±0.9 for the four metallicities, respectively, whether 
or not UM 417 is included. Thus, tail masses do not have a strong systematic dependence 
on metallicity either. 

The average equivalent V-band extinctions in the heads with the underlying disk sub- 
tracted are 0.9 ± 0.7, 0.6 ± 0.6, 0.5 ± 0.5, and 0.7 ± 0.7 for metallicities of 0.02, 0.2, 0.4 
and solar, respectively. For the tails, the extinctions are 0.8 ± 0.5, 0.4 ± 0.4, 0.5 ± 0.4, and 
0.5 ± 0.4, respectively. 

Models with decaying star formation rates have ages that are slightly less than the 
models with constant rates. This is because a decaying rate has proportionately less star 
formation today than a constant rate, and therefore needs to start more recently to end up 
with the same observed colors. For models of the head with both sky and an underlying 
emission subtracted, and for 0.4 solar metallicity, the log of the age decreases by 0.02, 0.06, 
and 0.22 as the decay time decreases from infinity (i.e., constant star formation rate) to 
3 X 10^ yr, 1 x 10^ yr, and 3 x 10^ yr, respectively. For the whole tails with sky subtracted, 
the log of the age decreases by 0.20, 0.18, and 0.62, respectively. The masses are relatively 
unchanged along this sequence, with the log of the mass changing by less than 0.01 for the 
heads, and by 0.1 to 0.2 for the tails. These examples indicate that the ages and masses we 
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discuss below are not very sensitive to the star formation history. 

In general, the age of an extended region is difficult to determine accurately from the 
small number of broad-band magnitudes used here. The mass estimates are more reliable 
because extinction and age compensate for each other in the conversion from color to mass. 
In what follows, we use head and clump values with an underlying sky and disk subtracted 
because we are interested in the star formation components. We also use 0.4 solar metallicity 
for the discussion below and for the ages and masses in Table [31 because many of the tadpoles 
are small galaxies. The star formation rate is assumed to be constant to minimize the number 
of free parameters. 



3. Results 

3.1. Head and Tail Masses and Surface Densities 

Stellar masses of the tadpole heads are listed in Table |3l They range from a few x 10^ Mq 
to a few xlO^ Mq. Some of the heads resolve into sub-clumps, as in Kiso 6511. Figure H] 
shows, as a function of galaxy (yf-band absolute magnitude, the masses of the heads, the 
masses of the brightest single clumps in the heads, and the masses of all the other clumps. 
The most massive clumps are larger in more luminous galaxies. This trend is partly a 
selection effect because the galaxies are chosen to have similar morphologies - all of the 
features in the morphology are larger for larger galaxies. 

Figure [5] shows the log of the head masses for both local and high redshift tadpoles 
as a function of the restframe U magnitude. The U magnitude is determined for the high 
redshift galaxies from an interpolation of t he observed magnitu des in ACS or NICMOS filters. 



depending on the redshift (which is from iRafelski et al.ll2009l ). The U magnitude for a local 



galaxy is assumed to be the absolute magnitude determined from the u image, using the 
distances listed in Table [H The head s in the local tadpoles are, in g eneral, less massive than 



the heads in high redshift tadpoles (JElmegreen &: Elmegreenll2010l ). In all cases, the head 



mass is approximately proportional to the galaxy luminosity. The brightest local tadpoles 
overlap the range for the high redshift tadpoles, and in those cases the head masses are 
comparable locally and at high z. The two brightest local tadpoles are Kiso 5149 and Kiso 
8466. Kiso 5149 is one of the largest galaxies in the local sample, with a radius of 22.9 
kpc. This galaxy looks different from the others in being redder and older. Kiso 8466 has a 
massive head with many smaller clumps over a large region, which at high z would appear 
as one or perhaps two large clumps. The scaling in Figure is partly a selection effect based 
on the similar morphologies of low and high redshift tadpoles. 
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The ratio of mass to (7-band luminosity, M/Lg, is shown as a function of fitted age for 
the heads, tails, main clumps, and other clumps, in Figure |6l The four galaxy components 
discussed in Figure H] are shown by different symbols. M/Lg increases smoothly with age, as 
expected for population synthesis models. The top curve is the M/Lg ratio for single stellar 
population (SSP) mo dels with a single burst o f star formation at the time on the abscissa, 
made using tables in iBruzual fc CharlotI (120031 ). The bottom curve is for an integral of the 
SSP model over time from the present back to the time on the abscissa. M/Lg from the 
fits of the model to the observed colors matches the integrated case, as it should, because 
we assume a constant star formation rate over the age of the region. There is a clear 
separation between the tails, which have an average log(age) of 9.4 ± 0.3 for ages in years 
and average M/Lg ~ 0.19 ± 0.11, and the heads, which have an average log(age) of 7.9 ± 0.8 
and M/Lg ~ 0.043 ± 0.061. 

The head surface densities, Shead, in units of Mq pc~^, are listed in Tableland shown as 
filled circles in Figure [7]as a function of redshift. The surface densities range from ~ 0.09 Mq 
pc^^ to ~ 6.6 Mq pc~^ for the local tadpoles, with a mean value of 1.4 ± 1.6 Mq pc~^. The 
UDF tadpoles are shown as open circles for comparison; their Shead values range from ~ 2 Mq 
pc-2 to 3000 Mq pc-2. Below redshift z = I, the UDF tadpoles have Shead ~ 2 Mq pc'^ 
to 20 Mq pc"^, only slightly higher than the local tadpoles. The left-hand panel shows log 
redshift on the abscissa to emphasize the local tadpoles, while the right-hand panel shows 
linear redshift to emphasize the UDF tadpoles. The average Shead steadily increases with 
redshift. This increase is consistent with the increasing star forniatiori rate in the universe, 
which peaks between ~ z = 2 — 4 (lMadaulll998l : iBouwens et al.ll201ll ). This suggests that 
tadpoles are more gas-rich at earlier times, like other galaxies. 

The general increase of surface density with redshift is partly a selection effect. Surface 
density is measured from surface brightness, and higher redshift galaxies need higher intrinsic 
surface brightnesses in order to be seen. Thi s is primarily because of cosmological surface 
brightness dimming. Our previous studies (JElmegreen et al.l |2009| ) showed a systematic 
increase in intrinsic surface brightness as (1 + 2;)'^, which is the expected selection effect. 
Surface mass density does not increase as rapidly because the disks get younger and their 
M/ L ratios decrease with z. 

The curve in Figure [7| plots log (1 -|- 2;)'^M/Lg^i.est with redshift, obtained from the spec- 
tral models in iBruzual fc CharlotI (120031 ) with the g-ha.nd SDSS filter band-shifted into the 
restframe (yf-band as redshift increases. This bandshifting was done by redshifting the model 
galaxy spectrum while keeping the waveleng th distributio n function of the filter constant. 
Intervening hydrogen absorption is included (lMadaulll995l ). The plotted function shows the 
redshift trend for the threshold mass surface density at a fixed limit of observed surface 
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brightness, equal to 1 Lq pc~^. The galaxies tend to lie above this line because their sur- 
face brightnesses are larger than this fiducial value. The model assumes that star formation 
starts at z = 4 and is continuous until the galaxy is observed at some lower redshift z. The 
initial increase in (1 + 2;)^M/Lgi.est with increasing z is mostly from (1 + z)^. There is a 
slight bump above this (l + z)^ trend at log^ ~ —0.38 because M/Lg^j-est has a peak there, as 
follows. At lower z, M/Lg^rcst increases with increasing z because the age of the star-forming 
region decreases from 4.3 Gyr (at \ogz = —3) to 3.7 Gyr (at log 2; = —0.38) and Lg^rest drops 
faster than M as the restframe passband moves from green into the aged blue and ultraviolet 
parts. At logz higher than —0.38, M / L^^^cst decreases with increasing z because the stellar 
population gets younger and bluer with decreasing age, M continues to decrease steadily, 
and Lg,rest increases as the restframe passband moves into the ultraviolet where the young 
stars are brightest. 

Tail masses and surface densities are listed in Table [31 Tail masses are on average a 
factor of 12 times larger than head masses because the tails are larger in area and surface 
density than the heads. The tail stellar surface densities are shown as open circles in Figure 
[71 The larger tail surface densities follow from the older tail ages and the higher M/Lg (Fig. 
[H]) for the tail compared to the head. Some of the tails have clumps that are included in the 
category of "other clumps" in Figure [H 

The tails have a mean mass surface density of 3.0 ± 1.4 Mq pc~^ seen in projection 
(not corrected for inclination). The mean surface density for the high z tails is about the 
same, 3.0 ± 3.3 Mq pc~^, but there are many with higher surface densities at high z. These 
high- 2; surface densities include corrections for surface brightness dimming and intervening 
hydrogen absorption. 

The ages of the tails differ at low and high redshift. Local tadpole tails have ages of 1-3 
Gyr (the log of the average age in Table [31 in years, is 9.2±0.8, or 9.4±0.3 without UM 417), 
while high redshift tails have ages of ~ 0.1 Gyr. The high- 2; systems are visible because of 
their greater luminosity per unit mass. 

The heads have about the same ages for local and high redshift tadpoles, 0.1 — 0.2 Gyr. 
These ages are reasonable for giant star-forming regions. The head and tail ages are similar 
at high redshift but different at low redshift because the UDF galaxies are younger overall 
than the local galaxies. 

For high z tadpoles, the average of the log of the ratio of tail surface density to head 
surface density is —0.34 ± 0.92. For local tadpoles, the average of the log of the ratio is 
much higher, 0.53 ± 0.52. The increase in tail-to-head surface density ratio with decreasing 
redshift indicates that the head star formation rate per unit area gets smaller compared to 
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the tail surface density as the redshift decreases. This is the expected trend if tadpoles are 
normal galaxies with a gas fraction that decreases and a stellar mass that increases over time. 
The same is true for star formation in other local galaxies: star complexes today contain 
only a few hundredths of the surface density of their surrounding dis k, whereas high redshi ft 
star- forming clumps contain a comparable surface density or more (JElmegreen et al.ll2009l ). 



The surface densities of both the star-forming heads and the tails of local tadpole galax- 
ies are much smaller than the stellar surface densitie s of local spiral s, which are ~ 100 Mq 



pc ^. In the solar neighborhood, it is ~ 70 Mq pc ^ (JFreemanI 119871 ) for the thin disk com 



ponent. Low surface brightness galaxies and local dwarf ir r egula rs have surface densities as 
low as those observed for local tadpole tails. IZhang et al.l ( 120121 ) find E ~ 1 — 10 Mq pc~^ 
for 34 dwarf irregulars. This similarity in surface density between local tadpoles and dwarf 
irregulars is consistent with the small sizes of the local tadpoles, as indicated by -R25 in Table 

m 



3.2. Star formation rates 

The average head and tail star formation rates (SFR) were calculated from the ratios 
of the derived masses to the ages, and are listed in Table HI They represent an average over 
the lifetime of the dominant stellar population. They differ from the current star formation 
rates, which were estimated from the Ha fluxes in the SDSS spectra (available for all but 
UM 417). Star formation rates were calculated in two ways from the spectrum: one from 
the 3"-diameter area of the SDSS fiber using the measured Ha flux in the fiber, which was 
usually centered on the brightest part of the galaxy, and the other from the product of the 
Ha equivalent width in the fiber spectrum (i.e., the ratio of Ha flux to r-band flux) and 



the in tegrated r-band luminosity of the whole galaxy, using the conversion by iKennicutt 



( 119981 ). These two rates are also listed in Table HI The first case corresponds to the SFR in 
the 3" region covered by the SDSS spectrum, so it usually underestimates the total galactic 
SFR. The second case assumes all of the galaxy is forming stars at the relative rate of the 
fiber part, so it represents what is likely an upper limit. Figure [8] shows the two Ha-based 
rates. The left side has a comparison of the two values, showing that the value from the 
extrapolation to the whole galaxy is about ten times larger than the value in the fiber only. 
The right side shows the star formation rate extrapolated to the whole galaxy versus galaxy 
r-band absolute magnitude M^. The equations in the figures show the linear fits to the data. 

Previous studies determined star formation rat e s for s ome of the tadpoles. For one of our 
galaxies, Kiso 3473 = Mrk 1416, Izhao. Gu. fc Gaol ( l201lh found a value of log SFR = -1.37 
(SFR in Mq yr"^) using Ha flux from an SDSS spectrum. This value differs from our value of 
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— 1.47 in Table m because we used an SDSS spectrum from a different position in this galaxy. 
This galaxy has two object identification numbers in SDSS, one for each clump. When we 
convert the Ha flux for the Zhao et al. position, we confirm their value. Ha luminosities 
were also measured for some of our tadpol es in previous stu dies. For these, we can derive 
a SFR for the whole galaxy by using the iKennicuttI (119981 ) conversion and applying the 
correc tion for a metallicity of 0.4 solar (i.e., Z = 0.008) as in iHunter. Elmegreen. fc Ludka 
J2010h : SFR (Mq yr'^) = 6.9 x lO' ^^^ L„^ (erg s-^- For Kiso 3473 an o bserved log Ha 
luminosity = 40.42 (units of erg s~^; iGil de Paz. Madore. fc Pevunoval 120031 ) gives log SFR 
= -0.74, and for UM 417, lo g Ha = 39.70 gives log S FR= -1.46. For Kiso 8466, l og Ha 
= 40.64 JCavazzi et al.lll998h gives log SFR = -0.52. iHeller. Almoznino. fc BroschI Jl999h 
give log SFR = —1.43 for Kiso 6511, and —1.06 for Kiso 6664. These values are in between 
the SFRs we derive for the heads and those extrapolated for the whole galaxies. 

Figure [9] shows the star formation rate for local tadpoles as a function of the galaxy 
absolute g magnitude. The three rates discussed above are plotted: the head region from 
photometry, the fiber region from Ha flux in the SDSS spectrum, and an upper limit for the 
whole galaxy from the Ha equivalent width and the r-band flux. The photometric rate is 
typically between the other two, and all of them increase approximately linearly with galaxy 
luminosity. In principle, the past-average SFR inferred from photometry and the current 
SFR inferred from Ha may be different, but in fact they are fairly similar. The differences 
are mostly the result of the different regions viewed. The few galaxies with Ha-fiber star 
formation rates that are less than their photometric star formation rates have fiber positions 
that do not include the bright heads. Generally, the stellar populations that dominate the 
heads were produced at a rate that is comparable to the current Ha rate. 

Many recent studies have examined the star formation rate in a large sample of galaxies 
as a function of redshift. The s tar formation rate d epends on the stellar mass of the galaxy 
and its redshift. For example, iNoeske et al.l (120071 ) compiled star formation rates for 2905 
field galaxies in the Groth Strip from GALEX and MIPS data and binned them into 4 
redshift bins, from z = 0.2 — 0.45 to z = 0.85 — 1.10. They f o und i ncreasing average rates for 
a given galaxy mass with increasing redshift. iBauer et al.l (120111 ) examined star formation 
rates in 1300 GOODS galaxies binned from ^=1.50 to 3.00 using HST UV and Spitzer IR 
data, and found approximately constant rates over this re dshift range t h at are about 5 times 
higher than the star formation rates in the 2;=0.3 bin of iNoeske et al.l (120071 ). In Figure [TO] 
we plot as filled circles the log of the star formation rate versus total stellar galaxy mass 
for our local tadpole sample. The star formation rates shown are those determined for the 
tadpole heads as listed in Table IH The galaxy masses are assumed to be the sum of the 
head masses, the underlying disk masses that were subtracted from th e head, and the tai l 
masses, also in Table HI On the same figure we plot as filled triangles the lNoeske et al.l (120071 ) 
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z = 0.2 — 0.4 average values in each mass bin. All but two of the local galaxies fit well on 
this star formation main sequence (Kiso 3867 and 8466 have higher SFRs for their masses), 
indicating that the local tadpoles have normal star formation rates for their masses. 



In Figure [TOl we also show as open circles the UDF tadpoles from lElmegreen fc Elmegreen 



(120 lOl ). The masses are taken to be the sum of the head and tail masses, and the star forma- 
tion rates are assumed to be the sum of t he head and tail rate s. Plotted as open triangles are 
the z = 0.85 — 1.10 average values from lNoeske et al.l (120071 ). For both tadpoles and other 
galaxi es, the star formatio n rates for a given mass are higher at higher redshift. The scatter 
in the iNoeske et al.l ( 120071 ) sample, as plotted in that paper, corresponds to about a factor 
of 10 in the star formation rate, the same as the scatter in our tadpole sample. The UDF 
tadpoles fit on this higher redshift main sequence, as the local tadpoles do for the nearby 
main sequence. 

Figure ITT] shows the star formation rate per unit area, T^sfr in Mq yr^^ kpc~^, in the 
head region from photometry as a function of redshift (also listed in Table H]). The local 
tadpoles, shown as black dots, have a wide range of log T^sfr with a mean value of — 2.0±0.47 . 
This is comparable to the areal star formation rate of local spiral galaxies (JBigiel et al.ll2008l ). 
The UDF tadpoles have higher areal rates, increasing by about 2 orders of magnitude out 
to z ~ 2. This rise is faster than the universal s tar formation rate per unit volume as a 
function of redshift shown by lBouwens et al.l ( 120111 ). which is ~1.5 order s of magnitude over 
the same redshift range. For comparison, the SINS sample of galaxies ( IGenzel et al.ll201ll ) 
has seven clumps in five z ~ 2 clumpy galaxies with log T^sfr based on Ha spectra ranging 
from —0.15 to 1.1. These values are slig htly higher than th e log S.srf? of the UDF t adpole 
heads of similar size at the same redshift. JDaddi et al.l ( l2010l ) andlGenzel et al.l (l2010l) study 
the areal star formation rate for different samples of galaxies. iDaddi et al.l ( l2010l ) shows that 
the starburst galaxies have values greater than about 0.1 Mq yr~^ kpc~^, whereas normal 
spirals lie below this value. In our Figure [TTl the local tadpoles fall in the normal range 
while most of the high redshift tadpoles are in the starburst range. 

The specific star formation time, Tgpec, in Gyr, is also given in Table HI This time equals 
the ratio of the total stellar mass in the galaxy to the photometric star formation rate in 
the head. The specific star formation times are a Gyr or more, which suggests that these 
galaxies are not bursting at an unusually high rate. 
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Conclusions 



Tadpole galaxies in the Kiso and Michigan Surveys were studied as local analogs of 
high redshift tadpoles. Characteristic of our local sample are massive off-center star-forming 
clumps and diffuse tails, which could be faint galaxy disks. The local tadpoles are extremely 
rare, amounting to only ~ 0.2% of UV-bright galaxies in the Kiso s urvey, while in the AC S 



image of the UDF, tadpoles represent 10% of all large galaxies ( lElmegreen et al.M2005l ). 
Because of selection effects, the local tadpoles are less massive than high redshift tadpoles, 
but their young-star head masses scale with luminosity in the same way, ranging from ~ 
10^ Mq to 10^ Mq for restframe f/-band absolute magnitudes of -13 mag to -20 mag. The 
head masses increase to 10^" Mq in the most luminous high redshift tadpoles. The star 
formation rate per unit area increases with increasing redshift by 2 orders of magnitude 
from z=0 to 3. The star formation rate per unit galaxy mass also increases with increasing 
redshift for the tadpoles, in agreement with the increase found previously for the Groth strip 
main sequence galaxies. 

There are four indications from the present study that many tadpole galaxies are normal 
faint disks with most of their star formation on one side. One indication is the similarity 
of the exponential scale length on each side of the major axis in the far outer part, which 
suggests the presence of a faint symmetric component. Another is the decrease in relative 
head mass over time, which is an expected trend for normal galaxies with decreasing relative 
gas abundance and increasing underlying star mass. A third indication is the large value of 
the specific star formation time, i.e., a Gyr or more, which implies a steady rate over the 
life of the galaxy. A fourth indication is the increasing age of the underlying disk relative 
to the star- forming head with decreasing redshift. All of the tadpoles in this survey are of 
the type having a blue head and a relatively red tail. The only other Kiso tadpole in SDSS, 
KUGOOlO+371 (which has no spectrum or redshift information), may be a counterexample, 
with a red head and a blue tail. 

The origin of the lop-sided star formation is not understood. It could be ram-pressure 
triggered as a result of galaxy motion though an intergalactic medium, it could be the 
starburst reaction to an impact or galaxy interaction, or it could be a random collapse of 
local disk gas with an unstable Jeans length comparable to the galaxy radius. All of these 
origins are consistent with a lower fraction of tadpoles in the local universe than at high 
z, because there is less intergalactic gas, fewer collisions, and less galactic gas in today's 
universe. 
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Table 1. Galaxy properties 



Galaxy'' 


KUG no., 


Distance'^ 


R25" 


1^9,10^= 




other 


(Mpc) 


(kpc) 


(mag) 


3193 


0852+400A 


25.5 


1.76 


-15.32 


3473 


0917+527,Mrkl416 


32.9 


3.93 


-16.2 


3867 


0937+298 


7.4 


1.38 


-13.45 


3975 


0940+544 


22.8 


2.81 


-14.6 


5149 


1113+237 


172 


22.9 


-19.78 


5639 


1138+327 


24.5 


3.35 


-16.4 


5870 


1149+224 


46.9 


4.34 


-16.57 


6511 


1220+124,IC3224 


16.8 


1.78 


-14.85 


6610 


1225+253,103384 


18.1 


2.46 


-14.59 


6664 


1229+151,IC3453,Mrkl328 


34.9 


12.2 


-18.02 


6669 


1229+276,IC3460 


61.6 


18.0 


-17.97 


6877 


1243+265 


26.3 


2.51 


-15.65 


8466 


1601+192,Mrk296 


64.5 


13.5 


-18.78 


UM417 


" 


37.3 


2.97 


-14.85 



''Kiso catalog number except last entry, which is a University of Michi- 
gan number 

''From SDSS-DR7 redshift using Ho=73 except for Kiso 3975, 6511, 
and UM 417, whose distances are from NASA/IPAC Extragalactic 
Database, http://ned.ipac. caltech.edu| 

'^Prom photometric measurements of SDSS images and radial profiles 
along the major axis 
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Table 2. Surface Brightness Profiles 



Galaxy 


(kpc) 


rs/R25 


No.'' 


left rs" 
(kpc) 


No.'' 


right rs"^ 
(kpc) 


No.'' 


3193 


0.89 ± 0.036 


0.51 


3.4 


0.88 ± 0.05 


2.5 


1.04 ± 0.21 


1.4 


3473 


2.14 ± 0.011 


0.55 


2.1 


0.80 ± 0.02 


4.9 


0.7 ± 0.29 


1 


3867 


0.98 ± 0.018 


0.71 


2.8 


1.06 ± 0.08 


1.9 


0.95 ± 0.02 


3.3 


3975 


3.18 ± 0.076 


0.81 


1.3 


0.64 ± 0.06 


2.2 


0.28 ± 1.71 


5.4 


5149 


- 


- 


- 


5.67 ± 0.26 


2.5 


4.05 ± 0.11 


3.6 


5639 


5.71 ± 21 


1.70 


0.9 


0.44 ± 0.52 


2.1 


0.88 ± 0.84 


2.5 


5870 


4.94 ± 0.22 


1.14 


2.6 


3.1 ± 0.61 


1.4 


1.6 ± 0.14 


2.4 


6511 


3.00 ± 0.88 


1.68 


0.5 


0.82 ± 0.07 


2.9 


0.45 ± 0.03 


2.9 


6610 


11.8 ± 3.43 


4.81 


0.4 


1.00 ± 0.09 


1.3 


0.63 ± 0.03 


1.6 


6664 


22.4 ± 2.62 


1.84 


0.7 


4.74 ± 0.19 


1.5 


3.87 ± 0.14 


1.5 


6669 


18.3 ± 0.88 


1.02 


0.8 


6.09 ± 1.2 


1.9 


2.31 ± 1.8 


2.8 


6877 


2.16 ± 0.15 


0.86 


1.2 


0.44 ± 0.04 


3.6 


0.71 ± 0.06 


2.7 


8466 


264.8 ± 62 


89.2 


0.03 


2.87 ± 0.12 


2.6 


4.1 ± 0.18 


2.5 


UM417 


101 ± 1899 


34 


0.04 


0.45 ± 0.04 


5.1 


0.77 ± 0.18 


3.2 



^Scale length measured from the relatively fiat part of the surface brightness profile 
''Number of scale lengths that fit in linear part of profile where measured 
'^ Scale length measured from outer eastern surface brightness profile 
''Scale length measured from outer western surface brightness profile 
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Table 3. Masses, Ages, and Surface Densities 



Galaxy^ 


log M.^i"^ 


log MH.ad'' 


log Mt„«'' 


log AgC/i-ead'' 


log AgCTaii'' 


Sffead'^ 


^Tau' 




(Mq) 


(Mq) 


(Mq) 


(y) 


(yr) 


(Mq pC-2) 


(Mq pC-2) 


3193 


7.3 ± 0.4 


6.4 ± 0.1 


7.1 ± 0.1 


8.5 ± 0.2 


9.4 ± 0.4 


2.4 


5.1 


3473 


7.8 ± 0.4 


6.9 ± 0.1 


7.5 ± 0.1 


8.3 ± 0.3 


9.4 ± 0.3 


1.2 


3.9 


3867 


6.8 ± 0.4 


5.2 ± 0.3 


6.7 ± 0.1 


6.4 ± 0.7 


9.4 ± 0.3 


0.35 


2.8 


3975 


7.0 ± 0.4 


5.5 ± 0.3 


7.0 ± 0.1 


7.4 ± 0.6 


9.2 ± 0.3 


0.45 


0.85 


5149 


9.6 ± 0.4 


8.9 ± 0.1 


9.5 ± 0.1 


9.3 ± 0.4 


9.4 ± 0.3 


6.6 


4.5 


5639 


7.7 ± 0.4 


6.7 ± 0.2 


7.6 ± 0.1 


8.5 ± 0.4 


9.1 ± 0.2 


2.5 


3.4 


5870 


8.1 ± 0.4 


6.1 ± 0.2 


8.0 ± 0.2 


7.5 ± 0.4 


9.4 ± 0.4 


0.09 


1.9 


6511 


7.7 ± 0.4 


5.8 ± 0.1 


7.6 ± 0.1 


7.3 ± 0.3 


9.5 ± 0.3 


0.28 


4.6 


6610 


7.4 ± 0.7 


5.1 ± 0.7 


7.4 ± 0.1 


6.8 ± 1.3 


9.5 ± 0.3 


0.40 


2.6 


6664 


8.7 ± 0.4 


6.7 ± 0.1 


8.7 ± 0.1 


7.4 ± 0.4 


9.3 ± 0.4 


0.57 


4.1 


6669 


8.9 ± 0.4 


7.0 ± 0.1 


8.8 ± 0.1 


7.8 ± 0.5 


9.3 ± 0.4 


0.77 


2.1 


6877 


7.3 ± 0.4 


6.3 ± 0.1 


6.7 ± 0.1 


7.7 ± 0.2 


9.4 ± 0.3 


0.65 


1.9 


8466 


9.2 ± 0.3 


8.1 ± 0.1 


8.9 ± 0.1 


7.8 ± 0.6 


9.4 ± 0.3 


0.62 


3.8 


UM417 


7.1 ± 0.4 


6.4 ± 0.1 


7.0 ± 0.2 


8.7 ± 0.2 


7.1 ± 1.5^ 


2.1 


0.5 



''Kiso catalog number except last entry, which is a University of Michigan number 

''From fits of photometric measurements to evolutionary models, as described in text. An underlying disk 
component was subtracted from the heads, and a metallicity of 0.4 solar was assumed. 

'^Surface density, from mass and area, as described in text 

''For 0.02 times solar metallicity, the age of the tail is more like the other ages, 9.3±0.4 in the log 
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Table 4. Star Formation Rates 



Galaxy 


log SFR^ead" 


log S¥KTa^l^ 


log area SFKnead" 


log SFR spec'' 


log SFR mag'= 


'spec 




{Mq yr-1) 


(Mq yr-1) 


(Me 


yr ^ kpc ^) 


(Me yr-i) 


(Me yr-i) 


Gyr 


3193 


-2.17 


-2.25 




-2.16 


-1.71 


-0.91 


3.07 


3473 


-1.47 


-1.95 




-2.26 


-1.07 


-0.15 


1.82 


3867 


-1.25 


-2.70 




-0.87 


-3.01 


-2.05 


0.11 


3975 


-1.93 


-2.24 




-1.76 


-2.94 


-1.94 


0.89 


5149 


-0.46 


0.02 




-2.50 


-0.26 


0.28 


12.2 


5639 


-1.77 


-1.50 




-2.12 


-1.15 


-0.19 


2.99 


5870 


-1.43 


-1.44 




-2.57 


-1.83 


-0.65 


3.16 


6511 


-1.54 


-1.88 




-1.89 


-2.12 


-0.80 


1.88 


6610S 


-1.77 


-2.13 




-1.23 


-3.54 


-2.24 


1.53 


6664 


-0.70 


-0.63 




-1.68 


-2.70 


-1.02 


2.77 


6669 


-0.84 


-0.60 




-1.95 


-1.64 


-0.32 


4.91 


6877 


-1.44 


-2.71 




-1.90 


-1.93 


-0.96 


0.51 


8466 


0.33 


-0.52 




-2.00 


-0.83 


0.23 


0.83 


UM 417'' 


-2.37 


-0.16 




-2.41 


- 


- 


2.82 



^Mcan star formation rate for head based on mass and age from model fits to piiotomctry 

''Mean star formation rate for tail based on mass and age from model fits to photometry 

'^Mean star formation rate per unit area for head 

''Current star formation rate for whole galaxy based on central 3" SDSS Ha spectrum 

''Current star formation rate for whole galaxy based Ha flux estimated from galaxy r-band magnitude 

Specific star formation time, determined from galaxy mass divided by head star formation rate, where 
galaxy mass is the sum of the head and tail masses plus the tail surface density times the head area (that 
is, the mass presumed to be underlying the head). 

s Brightest two sub-clumps used for head mass 

''No SDSS spectrum 
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Fig. 1. — Tadpole galaxies from the Kiso and UM samples. The white bar in each image 
represents 5 kpc. 
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Fig. 2. — Tadpole galaxies from the Kiso and UM samples, with the same order as Figure 
[H shown in g-hand grayscale for greater contrast. The individual star-forming clumps are 
more obvious in this figure. 
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Fig. 3. — Radial profiles along the major axes of the tadpole galaxies from the g-hand filter; 
the other 4 filters are similar. Exponential fits were made piece-wise for the left and right 
outer parts and for the inner regions outside of the bulge. 
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Fig. 4. — Stellar masses of the heads (large dots), the biggest clump in each galaxy (inter- 
mediate dots), and all of the other clumps (small dots), for local tadpole galaxies in the Kiso 
and UM samples, are plotted as a function of the galaxy absolute g-hand magnitude. The 
masses were derived from photometric results with underlying disk subtraction and assuming 
0.4 metallicity. The small clump with log(mass)=7.4 at magnitude -16.4 has a large mass 
from the model fits because it is older than the other clumps; it shows up as a reddish clump 
to the right of the head in Kiso 5639. 



-29- 



10 



a.: 



p 



o 



9 - 



S - 



7 - 



6 - 





1 1 


' 1 


1 


' ' 1 


' 


1 1 


1 1 1 1 1 1 


1— Or 




■ 


• 


local 














- 




o 


UDF 












O 


- 
















O 




. 












• 8 ° 




^ 


^ 












0° 






; 












Oo °- 




.: 














.au 






- 












Q ° 




- 












Q 


.o ° 






- 










□ 


° o 






; 








..-«.. 








.: 


- 




P:' 






O 


oo 






- 










• 






V*- 


- 






o 




^; 






- 






* • 


• 


















• 












- 
















■ '- 


- 




* 












- 


; 




• 












: 


- 


• 

1 1 


,• 1 


, , 1 




■ I 


1 , , , 1 , 


■ I 


- 



12 



14 



le 



-IB 



-ZO 



-IZ 



Galaxy Restframe U (mag) 



Fig. 5. — Head masses for the local tadpole galaxies, shown as black dots, and for the high 
redshift UDF tadpoles, shown as open circles, plotted as a function of galaxy restframe U 
magnitude. The head masses are approximately proportional to galaxy luminosity. 
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Fig. 6. — Mass-to-Light ratios for tadpole components versus the ages, as determined from 
population synthesis fits. The top curve shows the M/Lg ratio for single stellar population 
models (SSP) with a burst of star formation at the age on the abscissa. The bottom curve 
shows the M/Lg ratios for SSP models integrated over time from the present time to the age 
on the abscissa, as representative of MjL^ for continuous star formation. The observational 
fits use the same continuous star formation model as the bottom line. The observations 
deviate shghtly from the bottom curve because the observations are best-fit averages to a 
wide range of models. Five points have been omitted because the rms uncertainties in their 
log(age) determinations exceed 1. 
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Fig. 7. — Surface densities of tails and heads for tadpole galaxies from the local and UDF 
samples. Head surface densities have a background disk subtracted, (left) The abscissa has 
log (redshift) to emphasize the local galaxies, (right) The abscissa is linear in redshift. The 
solid lines show the trend of the observable surface density for a surface brightness of 1 
Lq pc^^ produced by cosmological dimming, bandshifting, intervening hydrogen absorption, 
and an M/L ratio that varies with time at constant star formation rate since z=4. 
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Fig. 8. — (left) Comparison between the star formation rate in the central 3" averaged by 
the SDSS spectrum (SFRs), and that for the whole galaxy obtained by scaling the observed 
spectrum with the spatially integrated r-band flux (SFRm). The diagonal solid line indicates 
where the two star formation rates are equal, (right) Star formation rates for the whole 
galaxies as a function of the absolute r magnitude from SDSS. The dashed lines show linear 
fits to the scatter plots, with the corresponding equations given as insets. 
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Fig. 9. — Comparison between the three star formation rates estimated in the paper. The 
current star formation rates inferred from Ha fluxes are shown as triangles: the filled triangles 
are for the star formation rates averaged over the 3" SDSS fiber, which represent a lower 
limit for the galaxy, and the open triangles are for an extrapolation of these rates to the 
whole galaxy based on the Ha equivalent width scaled to the the spatially integrated r-band 
magnitude. Filled circles are the ratio of the star formation mass to the age of the heads, 
using broad-band colors; they represent an average over the lifetime of the young stellar 
population. Thus each galaxy has 3 points, all at the same magnitude. The galaxy UM 417 
has only one point because there is no spectral information. The abscissa is the absolute 
(?— band magnitude. 
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Fig. 10. — The log of the star formation rate versus total stellar galaxy mass is shown for 
the local tadpole galaxies (filled circles) compared with the "m ain sequence" Groth Strip 
galaxies in the redshift bin z=0.2 to 0.4 (filled triangles) from iNoeske et al.l ( 120071 ). The 
local tadpoles continue the relation of decr easing star formation rate with decreasing galaxy 
mass. UDF tadpoles (open circles) fror n lElmegreen fc Elmegreeru ( l2010l ) fit on the main 
sequence for the z=0.85 to 1.10 galaxies ( jNoeske et al.l 120071 ). Higher redshift galaxies have 
higher star formation rates for a given mass. 



-35- 



I 

u 
3i 



>, 



4— ' 

o 

TO 

o 



"to 



f 



1 - 



- 



-} - 



-I - 



'3 





■ 


ocal 


' 1 




1 ' 




1 1 1 1 1 1 


o 


; 


■ 


o 


UDF 








o 












- 
















-■>- 


: 










b 


Co° 




r 


. 






■O'. 


CO 


cPo 


o 
o 




:^ 


- 




^o 


o ^ 
CO 


o 
8 


o 
o 


o 




:- 




■ 


o 


Z' 




o 






^ 


- 


■ 


*. 


o ^ 










- 


- 






.■o-' 










- 


: 


t 


o 












; 


_ 


1 


o 












. *- 


_i_ 


■ 

• 1 


o 

, , , 1 


1 1 1 1 


1 . 


1 1 1 


1 , , , , 1 


1 1 1 


r 



Z 3 

Redshift 



Fig. 11. — Areal star formation rate is shown as a function of redshift for the heads of the 



local (black dots) and high redshift UDF (open circles) tadpole galaxies. iDaddi et al.l (120101 ) 
show that starbursting galaxies have log areal rates greater than -1, so with this definition 
most of the UDF tadpoles are starbursting, whereas most of the local tadpoles are not. This 
dichotomy probably reflects more gas availability in the younger universe. 



